ABSTRACT
INTRODUCTION
The disposal of high water content soil-like wastes and reclamation of the disturbed land pose one of the major challenges facing geotechnical engineers. The high water content (often slurried) wastes, produced by a wide variety of mining and beneficiation processes are usually discharged hydraulically into a diked impoundment area or open lagoons. The problems related to the slurry wastes (dredged waste, waste water sludge, paper waste sludge) are high water content, low strength, low hydraulic conductivity and high compressibility (Krizek 2000; Quiroz et al. 2000; Berilgen et al. 2006) . Koenig et al. (1996) , Bo et al. (2002a Bo et al. ( , 2002b Bo et al. ( & 2003 , Lo et al. (2002) and O'Kelly (2005) explained the consolidation process of high water content materials (i.e. ultra-soft soil, slurry waste materials). They concluded that the high water content materials undergo large strain with little dissipation of pore pressure and with little increase in effective pressure at the initial stage under an external load. However, the phenomenon of large deformation of the material and the slow dissipation of excess pore water pressure at the initial stage under constant loading has not yet been studied.
In this paper, an investigation was carried out to study the settlement and pore water dissipation behaviour of the Neutralisation Spent Pickle Liquor (NSPL) sludge material at initial stage of one-dimensional consolidation process. A series of one-step pressure loading tests were carried out using a hydraulic consolidation cell (Rowe cell) .
APPARATUS, SAMPLE PREPARATION AND METHODS

APPARATUS
Details on Rowe cell can be found in Rowe and Barden (1966) and Head (1986) . In this study, the cell used has the inner diameter of 152 mm, and the initial sample thickness is approximately 40 mm. This dimension of cell provides a D/H ratio of 3.8, which satisfies the D/H ratio of 3.0 recommended by Mesri et al. (1995) and Yoshikuni et al. (1995) . This requirement is needed to avoid testing problems such as ring friction and variation of lateral pressure during consolidation and also to maintain a constant total stress condition for a long period.
A free strain loading was applied in this study with drainage conditions at the top of the sample. Displacements were measured using Linear Strain Conversion Transducer (LSCT) type HS50B, Model No. MPE 2788-50 manufactured from MPE Transducers Ltd. It has maximum travel of 50 mm and has an accuracy of 0.001 mm. Pore pressures were measured using pore pressure transducers Model No. WF 17060, which have an accuracy of 1 kPa. The pore pressure was measured at the center of cell base. The volume change was measured by volume change equipment Model No. WF 17044 with an accuracy of 0.001 mL. Pore pressure transducer and volume change apparatus were manufactured from Wykeham Farrance, UK. All the measured data were logged by an advanced data logger Model CR10X manufactured by Campbell Scientific and transferred to computer nearby that contains data logger support software, PC208W3.3. Figure 1 show the schematic of the Rowe cell used in this study. From Figure 1 , the drainage outlet at D is led into a volume change device which can measure volume of drainage flow. In these tests, the load was maintained constant on the sample after the end of consolidation (pore water pressure completely dissipated) to observe secondary compression. When the pore pressure has fallen to the initial value, the consolidation process is complete. The Neutralisation Spent Pickle Liquor (NSPL) sludge waste materials were obtained from a steel works lagoon in Cardiff, United Kingdom, using a grab dredger and stored in plastic containers at room temperature in the laboratory. The NSPL has high moisture content, i.e. 186%, which is greater than its liquid limit and low solid concentration, i.e. 35.5%.
The initial moisture content varied in the range of 100% to 250%. The required moisture content consistency was changed by wetting the material with slurry fluid. Procedure in sample preparation and applying pressure are described in detail by Head (1986) and in BS 1377:1990 where the apparatus is described as a hydraulic consolidation cell.
METHODS
To understand the settlement behaviour of the NSPL sludge waste, an experimental program consisted of two approaches with varying initial moisture content of NSPL and applied pressure were carried out. The details of the initial conditions of the tests are presented in Table 1 . Four samples were prepared with initial moisture contents of 100%, 150%, 200% and 250%. The one-step pressure loading was carried out at four different values (10 kPa, 20 kPa, 30 kPa, and 40 kPa), hence 16 tests have been carried out in total. This condition is similar to the case of reclamation over a slurry or waste pond in which one-step pressure loading is applied on the soft slurry.
The initial pore water pressure of 10 kPa (at each of the initial stage of process before applied pressure) is due to the pore water pressure generated by the head of water in the supply tank. Theoretically, the supply tank should generate a pressure of 12.5 kPa; i.e. the header tank is 1.25 m above the pore water pressure transducer. At the final stage of equalization, each of the samples will have a 10 kPa effective pressure due to the net pressures.
RESULTS AND DISCUSSIONS
The results from the consolidation tests are presented in this section. The behaviour of settlement-pore water pressure dissipation will be discussed in terms of settlement and void ratio, dissipation of pore water pressure and permeability. Table 1 show details of the tests in terms of initial and final parameters of each test, i.e. thickness of sample, initial moisture content, initial void ratio, e 0 , and final void ratio, e f , and final strain, ε and total settlement measured from volume change device and displacement transducer. Thickness of each sample, initial moisture content and initial void ratio was measured and calculated after the equalization stage was completed. From the table, it can be seen that the final strain, ε, of the sludge material increases with increase in initial moisture content and applied pressure. It also has been observed that the total settlement measured from volume change and dial gauge agree with each other which indicated that consolidation settlement takes place in the sample upon the applied pressure. Figure 2 represents settlement-pore water pressure dissipation behaviour of the NSPL waste material (60 kPa -150% and 250%). As seen from these curves the behaviour of the material can be split into two phases. In the first phase, large displacements occurred for all samples within 1 minute after the test commenced with little or no pore water pressure dissipation. Subsequently, a slow rate of settlement continued to take place, however with very little or no pore water pressure dissipation until the first few hundred minutes after the application of pressure. The second phase was characterized by a steady rate of settlement accompanied by pore water pressure dissipation.
SETTLEMENT BEHAVIOUR
As stated above in the first phase, although there was little or no pore water pressure dissipation in the early stages of consolidation process, it has been observed that the NSPL sludge material exhibits a large deformation for all one-step pressure loading tests. The reason for this can be attributed to the structure of the material. From the physical characteristics investigation carried out on the NSPL sludge, it was concluded that the NSPL sludge possess a flocculatedaggregated structure. This would have been formed under the in-situ condition after the sedimentation stage. This structure means that the bulk material has a large number of flocculated clusters. These clusters along with the pore water (with its chemical concentration) develop an interparticle bond that allows the overall structure to exist under higher void ratios. When the bond is broken i.e. by mechanical means (Rowe cell), this structure is destroyed and display high compressibility. From Figure 2 , it is also evident that the magnitude of settlement at the first phase is dependent on the initial moisture content and applied pressure. For instance, as seen in Table 2 , for 100%, 60 kPa test, the settlement was found to be 5.89 mm. Whereas for 250%, 60 kPa test the magnitude of settlement was found to be 21.86 mm. This is expected since higher initial moisture content material has higher free water content that can be removed by external load. Similarly, the total consolidation settlement also depends on the initial moisture content and applied pressure. Table 2 presents the compressibility parameters for the NSPL sludge. The compressibility parameters during the large deformation of the sample which is at first phase of consolidation process where the material is in a slurry condition is presented in terms of compression index, C c , settlement and strain, ε. These compressibility coefficients are an expression of change in void ratio and ratio of effective pressure.
It has been observed that compressibility increase as the initial moisture content and applied pressure increase. It can be concluded that at the first phase, the compressibility of the sample is high. It is believed that at first stage, the compressibility of high moisture content material is high because the volume change is due solely to reduction of water. This behaviour is similar to ultra-soft soil investigated by Bo et al. (1999) having an initial moisture content of 130 -190%. Whilst, the above discussion focused on the unusual behaviour of settlement during the first phase, including the effect of initial moisture content and applied pressure, attention is now drawn to physico-chemical aspects of the material. Figure 3 presents the behaviour of void ratio versus time for the 30 and 40 kPa test varied by initial moisture content (100%, 150%, 200% and 250%) which is also equivalent to the void ratio versus effective pressure during the test. If there were no chemical forces operating, then irrespective of the initial moisture contents, the final void ratio for the same pressure will be similar. However, from Figure 3b , it is evident that the final void ratios are different depending on the initial moisture contents. This suggests that in addition to physical interaction (due to applied pressure), chemical interaction are also operating. The pore water pressures are measured at the base of the cell using the pore water pressure transducer. From pore water pressure dissipation representative curves (Figure 4) , it is indicated that the period of pore water pressure delay for each test varies slightly. The commencement of pore water pressure dissipation for the 40 and 60 kPa tests at different initial moisture content was found to be around 100 to 300 minutes and 200 to 1000 minutes, respectively. The higher the initial moisture contents, the longer the period of pore water pressure to dissipate. There is possible hypothesis for this behaviour, i.e. the delay in pore water pressure dissipation during the initial stage of consolidation is due to bound water effect. Klein and Sarsby (2000) attributed this sludge consolidation feature mainly to the microstructure of the sludge particles. They found that during consolidation some pore water which exists as liquid trapped within the floc structure became free water and thus continuously provides a source of additional pore water, which compensated for the dissipated pore water. Similar behaviour also occurred in sewage sludge material (Lo et al. 2002) and ultra-soft soil (Bo et al. 1999) . It can be concluded that this regeneration of pore water significantly reduces the rate of primary consolidation of the NSPL sludge.
COEFFICIENT OF PERMEABILITY, k
The settlement behaviour is directly related to the coefficient of permeability of the samples. In the case of high moisture content material, two different approaches for two different stages were used to obtain the coefficient of permeability, k.
In the slurry stage (first phase), Equation (1) derived from Darcy's Law was implemented for calculating the coefficient of permeability during the consolidation process especially at the initial stage. Solid velocity, v s , is simply the rate of change in height of the sample. The hydraulic gradient, i, can be determined from the pore water pressure measurements (Been and Sills 1981) .
Where k = coefficient of permeability (m/s) v s = velocity of the solid (m/s) i = hydraulic gradient Figure 5 shows typical results of permeability against time in a logarithmic scale during the consolidation tests for 40 kPa applied pressure at different initial moisture contents. From these tests, it was found that the coefficient of permeability, k, of sample at the first phase ranged from 1 x 10 -4 to 1 x 10 -5 m/s. It is suggested that the high permeability at the early stage of consolidation process of high moisture content material occurred because of the availability of larger proportion of free water. Also, the NSPL sludge material has a fragile structure which can easily break down upon a sudden application of load. A similar behaviour has also been encountered by Mesri (1995) for sediment material from physical-chemical point of view. Furthermore, the curves show that the value k decrease with time and the final value of permeability of each test is around 1 x 10 -10 m/s. It is suggested that the changes in permeability with time is due to the rearrangement of particles. The closer the particles, the lower the value of permeability of the material.
The solid phase refers to the phase where the material is below their liquid limit. For the purpose of computing the equilibrium permeability value, the approach of Casagrande and Taylor's method are adopted for this stage of deformation, i.e. after the initial large deformation stage. This approach of computation of permeability values for high moisture content (waste) material has been adopted by various researchers (Andersland & Mathew 1973; Colleselli et al. 2000; O'Kelly 2005) . The values of the coefficient of permeability, k, of the NSPL sludge material in terms of Terzaghi's theory could be calculated directly using Equation (2) with calculated values of coefficient of consolidation, c v , (Equation (3)) and coefficient of volume compressibility, m v (Equation (4)). The square-root-of time fitting (Taylor) method was chosen to calculate the coefficient of consolidation, c v , because some of the settlement versus logarithm-of-time curves for certain test did not exhibit the typical inverse S shape. The method was adopted for calculation of the needed permeability value, k, of the material under each consolidation pressure below the liquid limit stage. The results show that the value of permeability, k, ranges from 1 x 10 -9 to 1 x 10 -10 m/s, depending on the initial moisture content and applied pressure; higher initial moisture content will result in higher permeability and the value decreases with increase in the applied pressure. This is because the permeability value is related to the coefficient of volume compressibility, m v , and coefficient of consolidation, c v of the sample.
VOID RATIO-EFFECTIVE PRESSURE AND PERMEABILITY-VOID RATIO RELATIONSHIPS Figure 6 shows the void ratio versus effective pressure relationship for various initial moisture contents (100%, 150%, 200% and 250%) . The slope of e-s¢, defined as the compression index (C c ), relates directly to the compressibility of the sludge material and is used to estimate the total settlement that will occur in the field. Based on the e-s¢ curves obtained from the final value of void ratio, it can be concluded that the slope (coefficient of compressibility, a v ) or compression index (C c ) decreases with increasing effective pressure and more importantly is non-linear at initial moisture contents 150%, 200% and 250%. For instance, the values of void ratio, e, decreased from 4.989 to 1.782 as the effective pressure increases from 20 kPa to 50 kPa for 250% initial moisture content sample as shown in Table 2 . This is also one of the key observations made by several researchers for high moisture content materials (Aydilek et al. 2000; Bo et al. 2004; O'Kelly 2005) , where non-linearity of material parameters have been acknowledged. The relationship between permeability and void ratio is important in the study of large strain consolidation. The permeability-void ratio (k-e) plot of samples varying with initial moisture content and applied pressure for one-step pressure loading tests is shown in Figure 7 . The values of coefficient of permeability, k, is obtained from Taylor's method as described in Section 3.3. The k values (solid stage) from Darcy's law show nearly similar value calculated from Taylor's method however in this research study, values calculated from Taylor's method is considered.
It can be seen that the void ratio-permeability is generally non-linear. At higher void ratios, the permeability value is high. This behaviour is due to a higher compressibility at higher void ratio and vice versa. Overall, the k value decreases from 1.4 x 10 -9 to 1.7 x 10 -10 m/s as the void ratio decreases from 4.989 to 1.682. This can be attributed to the facts that at lower void ratios, the tortuosity of the porous medium, i.e. the sludge increases.
CONCLUSIONS
Consolidation tests were carried out on sludge waste with a moisture content varying between 100% and 250% under an applied pressure ranging between 30 to 60 kPa for onestep pressure loading tests. A Rowe cell was used to study the settlement and pore pressure behaviour of sludge waste. The following conclusions are drawn from the test results. The settlement behaviour of the material can be split into two phases. When the sludge waste is subject to an external pressure, the material underwent a large deformation at the first phase. However, during this period (first phase), there is little or no pore pressure dissipation. This behaviour therefore does not follow Terzaghi's consolidation theory. The compression index and settlement in the first phase of consolidation test when there is little or no pore water pressure dissipation is very high and it increases as the initial moisture content increase. The reason for this can be attributed to the open fabric structure of the material.
With regards to the delayed pore water pressure dissipation, the bound water hypothesis suggest that during consolidation some pore water existing as liquid trapped within the floc structure became free water and thus the structure continuously provides a source of additional pore water, which compensated for the dissipated pore 
water. However, at this stage, the proof for the hypothesis is beyond the scope of the current work. This study has hightlight out some unique features of the consolidation behaviour of the NSPL sludge which was classified as a high water content material.
